Introduction
Starvation is characterized by adaptive mechanisms which ensure that an adequate supply of glucose is maintained for tissues which have an obligatory requirement for it. Dietary carbohydrate is replaced by glucose produced via the mobilization of glycogen stores and/or gluconeogenesis. Increases in lipolysis and ketogenesis ultimately result in the increased provision of alternative non-carbohydrate oxidative substrates (fatty acids and ketone bodies), and irreversible glucose disposal (via oxidation or use as a precursor for lipid synthesis) is restricted (reviewed in [ 11). The transition from the fed to the starved state is therefore characterized by and associated with depletion of stored carbohydrate (glycogen), together with a fundamental switch in fuel selection in certain oxidative tissues. In this review, we examine the progressive effects of starvation on glycogen mobilization and glucose utilization in selected individual tissues during the fed to starved transition, and the reversal of these changes in carbon flux during the recovery from starvation.
Glucose conservation may be achieved at the level of inhibition of glucose uptake and phosphorylation, which blocks both glucose degradation and its anabolic use for glycogen synthesis, or by inhibition of the pyruvate dehydrogenase complex (PDH), which catalyses the physiologically irreversible oxidative decarboxylation of pyruvate to acetyl-CoA. The PDH reaction effects entry of carbohydrate into the tricarboxylic acid cycle for bioenergetic purposes (oxidation) and, in lipogenic tissues, for biosynthetic purposes (lipid synthesis). A restriction on flux through PDH can be achieved by end-product inhibition or by inactivation by reversible phosphorylation (reviewed in 121). The latter occurs secondary to an increase in the activity of PDH kinase relative to that of PDH phosphatase. Since the phosphorylated form of PDH is inactive, phosphorylation imposes an upper limit on the capacity for conversion of pyruvate to acetyl-CoA (reviewed in 131). Stringent control of active PDH (PDHa) activity is obligatory for carbohydrate homoeostasis because the initial product of the reaction, acetyl-CoA, and the end-products of the lipogenic sequence, fatty acids, cannot be re-converted to glucose. In contrast, the uptake and phosphorylation of glucose does not of necessity lead to net loss of carbohydrate carbon. If PDH is Abbreviations used: PDH, pyruvate dehydrogenase complex; *To whom correspondence should be addressed.
PDHa, active pyruvate dehydrogenase complex.
inactive, pyruvate derived from glucose or glycogen via glycolysis can be recycled to glucose via lactate and gluconeogenesis.
Carbohydrate conversion during the fed to starved transition
Heterogeneity exists between individual tissues in terms of the time at which suppression of carbohydrate oxidation is observed after food withdrawal [4-71. The heart is particularly sensitive to a diminished carbohydrate supply. Cardiac PDHa activity rapidly declines, reaching < 30% of the fed value after starvation for only 6 h ( [4] ; Fig. 1 [5] and the skeletal muscle mass [5] (the major site of glucose utilization in the body) is much more refractory in inactivation in starvation than that in liver or heart. The time courses of starvationinduced decreases in PDHa activities in two representative skeletal muscles, adductor longus [working (postural), oxidative] and tibialis anterior (non-working, non-oxidative), are shown in Fig. 1 . The most significant inhibition of PDHa activity in skeletal muscle occurs during the period from 9 to 15 h after food withdrawal, by which time circulating fatty acid concentrations have significantly increased [ 51. As in the heart, the predominant mechanism by which PDH inactivation is achieved is via an increase in the oxidation of lipid fuels (ie. the operation of the glucose/fatty acid cycle) 151. In skeletal muscles studied to date, PDHa activity remains high subsequent to the significant depletion of hepatic glycogen which is observed after starvation for 6 h ([5]; Table 1 ). Any irreversible loss of carbohydrate via oxidation in skeletal muscle must therefore be replaced via gluconeogenesis.
In summary, the initial decline in hepatic PDHa activity (and lipogenic rate) can be reversed by insulin administration but not by inhibition of lipid oxidation, whereas restriction of pyruvate oxidation in muscle is closely correlated with increases in the availability of circulating fatty acids and ketone bodies, and is reversed by inhibition of lipolysis. Therefore, two distinct metabolic signals, a fall in the insulin concentration and an increase in lipid oxidation, may orchestrate the early response to starvation, and tissue specificity of the response may be achieved through differential sensitivity of individual tissues to these signals.
Maintenance of glycaemia diiritig the fed t o starved trunsitioti
As mobilization of hepatic glycogen is an early event, an important aspect of carbohydrate homoeostasis during the fed to starved transition is whether glycogenesis is accompanied by restricted uptake and phosphorylation of circulating glucose, thereby minimising the requirement for glucose synthesis de novo in order to maintain glycaemia. In the heart, starvation for 24 h markedly reduces rates of glucose uptake and phosphorylation (Table 1 ). However, rates of glucose uptake and phosphorylation in heart remain high and unchanged from the fed level after short-term (6 h) starvation ([S]; Table l), at which time hepatic glycogen concentrations have significantly decreased (Table 1 ). In adductor longus, another muscle which is working in the resting state, rates of glucose uptake and phosphorylation also remain high [approx. 42% of the initial (fed) level] for a starvation period of as long as even 24 h (Table 1) . More rapid inactivation of muscle carbohydrate oxidation via PDH during progressive starvation may therefore be an absolute requirement to minimize net carbohydrate loss. Nonworking muscles, such as the tibialis anterior, exhibit low Table 1 . Effects of progressive starvation and acute re-feeding on glucose utilization in liver heart and representative skeletal muscles of the rat Full details of the methodr used are given in [ 5 ] , [ 9 ] , [13] and [19] . Results are means f S.E.M. for four to 12 values. Statistically significant effects of starvation are indicated by: *I' < 0.05, **I' < 0.01, ***I' < 0.001, and of re-feeding by: tP < 0.05, ttI' < 0.0 I , tttf' < 0.001. Abbreviation: GUI, glucose utilization index (see [9] for details). (Fig. 2) . This suggests that a proportion to glucose 6-phosphate may be directed towards glycogen synthesis; the remainder may enter glycolysis. Irrespective of the fate of glucose within muscle, the studies further indicate that, within each muscle, the time course of inhibition of glucose utilization varies between oxidative and non-oxidative pathways, with suppression of pyruvate oxidation preceding that of glucose phosphorylation. Available evidence (M. J. Holness & M. C. Sugden, unpublished work) suggests that this may be a consequence of differential sensitivity of glucose phosphorylation and pyruvate oxidation to lipid oxidation, a conclusion supported by findings with isolated perfused hearts [ 12).
Heputic carhoti flux during the starved to fed trunsition
In contrast to the concerted, parallel control of hepatic glucose output (via glycogenolysis) and glucose oxidation which is observed during the fed to starved transition, increased hepatic glycogen deposition (see Fig. 2 ) and suppression of hepatic glucose output [ 13) precede PDH reactivation when food consumption is resumed after prolonged starvation. There is thus a significant lag period of up [ 1, 31) . Delayed PDH re-activation therefore facilitates the intrahepatic direction of any available pyruvate towards glycogen synthesis rather than oxidation or lipogenesis (reviewed in 131). The pivotal role of suppression of hepatic PDH re-activation in determining the direction of hepatic carbon flux during the starved to fed transition is emphasized by the finding that hepatic lipogenesis remains suppressed during the period preceding hepatic PDH reactivation (191, Table 1 ). Eventual PDH re-activation (after 3-4 h, Fig. 1 ) is accompanied by increased lipogenesis and use of pyruvate as lipogenic precursor via citrate ( I 31.
PDH re-activation in cultured hepatocytes from starved rats can be achieved solely by the addition of insulin at physiological concentrations, which decreases PDH kinase activity [ 171. Although insulin concentrations rapidly increase after re-feeding, PDH reactivation in vivo is delayed because a relatively high activity of PDH kinase is maintained (B. Jones. S. Yeaman, M. J. Holness & M. C. Sugden, unpublished work; see also [ 181). The continued expression of a high PDH kinase activity in vivo is likely to be permitted by the continued oxidation of lipid (endogenous acyl-CoA or exogenous triacylglycerol) (see [I] ). Thus, whereas during the fed to starved transition hepatic PDH inactivation is not directly related to increased lipid oxidation but rather to decreased insulin concentrations, latency in hepatic PDH re-activation during the initial phase of refeeding after prolonged starvation may be a consequence of continued lipid oxidation despite increased insulin concentrations. Non-co-ordinate control of carbohydrate storage and oxidation within the liver may be achieved either because of differential sensitivity of these processes t o a common regulatory signal (insulin; lipid oxidation), or because a further specific regulatory signal, such as an increase in glycaemia, may act specifically at one site (namely glycogen synthesis).
Skeletal muscle glircose irtilization during the starved to fed trurisition
The reversal of hepatic glucose output observed during re-feeding is accompanied by clearance of dietary-derived glucose from the bloodstream. In contrast to glycogen synthesis in liver, muscle glycogen synthesis utilizes glucose directly (via uptake and phosphorylation). A proportion of circulating glucose is therefore used for the repletion of muscle glycogen stores ( [19] ; Fig. 2 ). On the basis of rates of net glycogen deposition, which give a minimum estimate of rates of glucose phosphorylation, it may be concluded that glucose utilization in both working, oxidative and nonworking, non-oxidative muscles during the initial ( 1-2 h) period after re-feeding is comparable with, or may even exceed, glucose utilization in the post-absorptive state ([ 191; Table 1 ).
It is not known to what extent glycogen deposition in skeletal muscle is accompanied by degradation of glucose to pyruvate via glycolysis or cycling of carbon between glycogen and glucose phosphate (reviewed in [ l]). It is, however, known that pyruvate oxidation in skeletal muscle remains partially suppressed for at least the first 6 h after re-feeding [ 2 0 ] . The results indicate that differential control of glucose storage and oxidation is not unique to the liver, and the biochemical basis for the response remains an intriguing unanswered question. Suppression of PDH re-activation is particularly prolonged in heart and oxidative skeletal muscles such as the adductor longus ([20]; Fig. 1 ) which, like liver, may supplement their oxidative requirements through the use of non-carbohydrate substrates. Such substrates potentially include endogenous triacylglycerol, circulating lipoproteins or amino acids. The maintenance of a low activity of PDHa in muscle may spare pyruvate (derived directly from exogenous glucose or indirectly from endogenous glycogen) for use by the liver for glycogen repletion.
Conclusions
In this review we have defined those tissues which are important for glucose-sparing during the initial (0-6 h) and later (6-48 h) phases of the fed to starved transition. We demonstrate that the suppression of the use of carbohydrate as a precursor for lipogenesis is an early event, exhibiting a temporal correlation with PDHa inactivation and depletion of hepatic glycogen. This acute effect would seem to be a direct consequence of a decline in the circulating insulin concentration. In contrast, we demonstrate that suppression of glucose utilization in the skeletal muscle mass occurs much later and as a consequence of the preferential oxidation of lipid fuels.
We have also examined the regulation of the irreversible disposal of carbohydrate (via oxidation and lipid synthesis) in liver and skeletal muscle during the starved to fed transition in relation to the storage of carbohydrate as glycogen. Just as a decline in hepatic PDHa activity during starvation facilitates the use of pyruvate for glucose synthesis and restricts lipid synthesis, the maintenance of a relatively low hepatic PDHa activity immediately after re-feeding (after prolonged starvation) facilitates glycogen synthesis from pyruvate via the indirect (gluconeogenic) pathway. Pyruvate may be derived from glycolysis in these extra-hepatic tissues where PDHa activity is low (either because of an intrinsically low oxidative capacity or because of retarded PDH re-activation) or from glycolysis in the periportal zone of the liver [21] . We therefore postulate that whereas the operation of the Cori cycle during starvation effects conservation of carbohydrate carbon for the maintenance of glycaemia, Cori recycling during the starved to fed transition is a means to optimize replenishment of carbohydrate stores in the liver. This may be rationalized in terms of the crucial homoeostatic function of liver glycogen in buffering subsequent decreases in glycaemia.
We furthermore postulate that both during the fed to starved and starved to fed transitions the pattern of inhibition or re-activation of glucose utilization within individual tissues varies between oxidative and non-oxidative pathways. In particular, working, oxidative muscles (notably heart) continue to exhibit relatively high rates of glucose uptake during early starvation at times when PDHa activities are decreased. The utilization of exogenous glucose may be necessary to supplement ATP production from endogenous glycogen or from lipid substrates, the circulating concentrations of which remain relatively low. The potential exists for glucose cycling via muscle glycolysis, lactate production and hepatic gluconeogenesis. After re-feeding, there is again a regulatory dissociation between changes in glucose uptake and phosphorylation and glycogen synthesis, and irreversible glucose disposal via oxidation. The biochemical mechanisms underlying these differential responses promises to be a fruitful area for future investigation.
